INTRODUCTION
Recently, chloroplasts of Chlamydomonas reinhardtii have been transformed with foreign DNA using a particle gun [1] . Several instances of insertion of foreign DNA into non-chloroplast compartments of C. reinhardtii have also been reported employing two different selectable markers as the transforming DNA. arg4 from yeast was used to complement algal arg7 mutants using vectors which either replicated autonomously in C.
reinhardtii [2] or integrated into its genome [3] .
Kanamycin and G418 resistant strains have also obtained obtained by transforming the alga with the bacterial gene for neomycin phosphotransferase II (nptII) on an autonomously replicating vector [4] . However, in all cases of non-chloroplast transformation reported to date the transformed phenotype has been unstable. This paper reports a rare, but stable, transfor- 
Hybridizations and enzyme assays
DNA and RNA were isolated from C. reinhardtii as described previously [6, 7] . Hybridization probes were labeled by nick translation [8] . DNA or RNA transfers for Southern [9] or Northern [10] hybridizations were carried out using Biorad Zeta Probe membranes according to the manufacturer's instructions. Filters were washed under stringent conditions, 0.1 x SSC, 0.1% SDS at 68 ° C. Neomycin phosphotransferase II activity in whole cell extracts was determined by established methods [11] .
Transformations of C. reinhardtii
Fifty ml log phase cultures for use in transformations were harvested by centrifugation and resuspended in growth medium plus 0.4 M mannitol at a concentration of 5 x 107 to 1 × l0 s cells/ml. A typical transformation mixture contained 1 ml cells, 300 /zl 1 mM DMSO, 10/tg DNA, and the resuspension buffer to 2 ml final volume. Following a one hour room temperature incubation, each mixture was diluted to 50 ml in growth medium. A grow-out period of 12-16 h followed. Cells were concentrated by centrifugation and aliquots of 1-2 × 10 6 cells spread onto a Petri plate containing growth medium supplemented with 0.8% agar and 50/~g/ml kanamycin. Colonies that appeared after 7-10 days were subcultured in fresh liquid medium containing 50 #g/ml kanamycin to select those strains exhibiting a stable resistance phenotype.
Plasmid construction
The nptII gene from transposon Tn5 [12] was modified by adding the octopine synthase promoter and terminator sequences from pTiB6-806 [13] , and was a gift from Dr. R. Bishop of Chiron Corp. The final 7.8 kbp plasmid, called pUCTI.1, was constructed by inserting the ocs-nptII construction between two Ti plasmid border sequences [14] carried on plasmid pUC19 [15] 
RESULTS

Qualities of transformants
Following transformation of C. reinhardtii kanamycin resistant colonies appeared at a frequency of 1 in 106-107 cells plated. However, stable cell lines derived from kanamycin resistant colonies appeared at approximately 1 in 101° cell plated. Those surviving strains have maintained their resistant phenotypes for several years without selective pressure. One such transformant, labeled T6.1, has been extensively characterized. Its doubling time in liquid medium containing 200 ~g/ml kanamycin was 14.5 h, 30% greater than the doubling time of T6.1 without selection (9.7 h) and 45% greater than untransformed strain cc277 (8.0 h). T6.1 was sterile, making genetic analysis of the resistance phenotype impossible.
Southern analysis of T6.1
High molecular weight DNA was prepared from T6.1 and hybridized to a probe consisting of the entire pUCTI.1 plasmid. No plasmid bands were detected in undigested DNA (lane 1, Fig. 2A ). When T6.1 DNA was digested with BgllI, which does not cut pUCTI.1, only one fragment was detected (lane 2, Fig. 2A ). Two fragments (ap- Fig. 2A ). Taken together, these results suggest that pUCTI.1 had most likely integrated into the genome. Hybridization of pUCTI.1 to T6.1 chloroplast DNA yielded only faint bands, probably from nuclear DNA contamination, suggesting that pUCTI.1 was most likely located in the nuclear genome (Data not shown). PstI and PoulI cleave pUCTI.1 at multiple sites (Fig. 1) . Following PstI digestion of T6.1 DNA and hybridization to pUCTI.1, a new 4.4 kbp homologous fragment was detected instead of the normal 3.9 kbp plasmid fragment (lane 2, Fig.   2B ). Likewise, a new PvuII fragment was detected at 3.2 kbp in place of the usual 2.3 kbp plasmid fragment (lane 1, Fig. 2B) . Therefore, the site of recombination between pUCTI.1 and C. reinhardtii DNA must be within the overlapping 2.3 kbp PvuII and 3.9 kbp PstI plasmid fragments in the region of bla or ori of pUC19 (Fig. 1) . A portion of the pUC19 plasmid may have been deleted or otherwise mutated, since attempts to isolate the integrated sequence by digestion and ligation of T6.1 DNA and subsequent transformation into E. coli were unsuccessful. T6.1 fragments containing ocs-nptII or TDNA sequence remained unchanged at the level of restriction endonuclease analysis.
Expression of ocs-nptH in C. reinhardtii
In order to show that kanamycin resistance in T6.1 was a consequence of the transformation event, evidence of ocs-nptlI expression was obtained. Northern hybridizations to total RNA extracted from T6.1 using the ocs-nptlI cassette as a probe revealed a region of hybridization at approximately the mobility of control nptlI RNA extracted from E. coli carrying the nptlI gene (Fig. 3A) . No hybridization was detected to RNA from untransformed strains.
Soluble proteins were separated in nondenaturing polyacrylamide gels and their ability to phosphorylate kanamycin determined in situ (Fig. 3B) . Both T6.1 and nontransformed cc277 contained multiple proteins capable of in vitro phosphorylation of kanamycin, including a faint activity migrating at a position similar to bacterial neomycin phosphotransferase II isolated from E. coli carrying nptlI. However, T6.1 exhibited a unique activity band with a mobility less than the E. coli enzyme. In C. reinhardtii the ocs-nptll sequence may have been described and translated into a fusion protein [16] . Alternatively, posttranslational processing in the alga may have altered the enzyme's mobility since the separation was not based upon molecular weight. The ocs-nptlI dependent activity in T6.1 appeared to double the organism's capacity to phosphorylate kanamycin in vitro. Whether this accurately reflects in vivo conditions has not been determined.
DISCUSSION
A transformant derived from Chlamydomonas reinhardtii strain cc277 integrated and expressed a gene conferring resistance to kanamycin. This was the first transformed Chlamydomonas strain to be characterized where resistance to an antibiotic was most likely the result of expression of the heterologous gene from nuclear DNA. A low transformation frequency has hampered attempts to define the mechanism by which the alga integrates and maintains heterologous genes. Recent evidence, from C. reinhardtii chloroplast transformations, demonstrated that homologous recombination occurs in the chloroplast [1, 17] . Therefore, use of homologous selectable markers or homologous sequences flanking an expressable heterologous marker might improve frequencies of stable nuclear transformation.
